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Abstract  

 

Numerous sequence variants of wheat (Triticum aestivum L.) manganese superoxide dismutase 

(MnSOD) genes have been found. Quantitative real- time PCR was used to measure the 

expression levels of three MnSOD genes distinguished by a variable amino acid, and three genes 

distinguished by sequence variation in the 3' untranslated region (3’ UTR), in wheat plants 

grown at 20ºC and cold-acclimated for one to four weeks at 2ºC.  The amino acid variants did 

not differ significantly in expression levels, however, differential expression of genes differing in 

the 3' UTR was observed. Diploid wheat-related species also carried sequence variants of 

MnSOD, with differing levels of expression, suggesting diversification of the MnSOD gene 

family occurred prior to the polyploidization events of hexaploid wheat. 

 

Keywords: Cold acclimation . Manganese superoxide dismutase . Multigene family . 

Quantitative real-time PCR .  Wheat 

Abbreviations: MnSOD, mitochondrial manganese-superoxide dismutase; NIL, near isogenic 

line; qRT-PCR, quantitative real-time PCR; ROS, reactive oxygen species; 3' UTR, 3' 

untranslated region 

 

Introduction 

Reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), superoxide (O2
-), and the 

hydroxyl radical (OH•) can be very harmful to living organisms because of their oxidizing 

potentials within living cells (Bowler et al. 1992). Although ROS are generated on a regular 

basis in biological pathways as by-products or signal transducers (Wu et al. 1997; Zelko et al. 
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2002), certain conditions can induce oxidative stress in plants, a state in which ROS accumulate 

to injurious or lethal levels due to excessive production or inefficient scavenging by antioxidant 

systems   (Monk et al. 1989; Fridovich 1991). ROS can attack all the basic molecules of living 

organisms, such as lipids, carbohydrates, proteins, and nucleic acids, resulting in the 

peroxidation of membranes (Kendall and McKersie 1989), breakage of polysaccharides (Sato et 

al. 1993), inactivation of enzymes (Fucci et al. 1983), and "nicking ," cross-linkage, and scission 

of DNA strands (Halliwell and Gutteridge 1999). 

  

Plants have evolved very efficient antioxidant enzyme systems to scavenge ROS and protect 

from injury due to the oxidative stress (Bowler et al. 1991; Allen 1995). The superoxide 

dismutases (SODs) form one of the most effective antioxidant enzyme systems in plants. SODs 

(EC 1.15.1.1) dismutate two superoxide anions (O2
-) into H2O2 and O2 (Fridovich 1991). SODs 

comprise several isozymes, which can be classified by cellular location and the catalytic metals 

required; manganese superoxide dismutase (MnSOD) in mitochondria, iron-superoxide 

dismutase (FeSOD) in chloroplasts, and copper/ zinc superoxide dismutase (CuZnSOD) in 

chloroplasts and in the cytosol (Fink and Scandalios 2002). Among these SODs, MnSOD is the 

only form of SOD that has been shown to be essential for the survival of aerobic life (Carlioz and 

Touati 1986). 

 

Exposure to environmental stresses can stimulate enhanced ROS scavenging systems in plants, 

enhancing stress tolerance (Allen 1995). The increased scavenging activity of antioxidant 

enzymes may require de novo synthesis, initiated by upregulation of genes encoding antioxidant 

enzymes. The MnSOD enzyme in wheat is encoded by nuclear genes, but is the primary 
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protective enzyme for oxidative stress in mitochondria. The expression of MnSOD genes in 

wheat significantly increased in response to cold temperature (Baek and Skinner 2003), 

suggesting an increased level of antioxidant activity in the mitochondria in response to cold 

temperature. Fink and Scandalios (2002) suggested that the structural complexity of the 

mitochondrion necessitates the occurrence of MnSOD holoenzyme at several locations within 

mitochondria, because oxyradicals generated by oxidative phosphorylation in mitochondria 

cannot diffuse through the membrane lipid bilayers of mitochondrial subcompartments.  Perhaps 

various MnSOD forms, such as we describe here in wheat and have been described in maize 

(Zhu and Scandalios 1993) and Hevea (Maio and Gaynor 1993), occur at different locations 

within the mitochondria.  

 

Several studies have indicated that an increase in the expression of MnSOD enhances tolerance 

to many environmental stresses (Allen 1995). Chlorella ellipsoidea with a high amount of 

MnSOD showed enhanced tolerance to chilling stress (Clare et al. 1984). Chilling stress 

tolerance of Zea mays increased when a tobacco MnSOD gene was expressed in the chloroplasts 

(Breusegem et al. 1999). Both freezing tolerance and recovery from freezing stress were 

enhanced in Medicago sativa with a tobacco MnSOD gene expressed in the chloroplasts or 

mitochondria (McKersie et al. 1993). MnSOD transcripts increased significantly in both spring 

and winter wheat seedlings exposed to 2ºC, suggesting an increased level of MnSOD enzyme 

was present, presumably affording increased protection of mitochondria from ROS injury (Wu et 

al. 1999; Baek and Skinner 2003).  Overproduction of MnSOD in tobacco significantly increased 

tolerance of oxidative stress (Bowler et al. 1991). Transgenic Brassica plants overexpressing 

wheat MnSOD were more tolerant of oxidative stress and aluminum toxicity (Gachon et al. 
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2004). All of these data strongly suggest that increased expression of MnSOD in plants enhances 

tolerance of environmental stresses.  

 

Considering that MnSOD is essential to living organisms (Carlioz and Touati 1986), at least one 

copy of MnSOD is expected in each plant genome.  The hexaploid T. aestivum genome is 

comprised of genomes from three ancestral diploid species and therefore is expected to have at 

least three homeologous copies of MnSOD genes.  MnSOD genes in wheat have been found on 

the long arm of the homeologous group-2 chromosomes (Wu et al. 1999), and mapping of wheat 

ESTs at GrainGenes (http://wheat.pw.usda.gov/wEST/) revealed five loci on group 2 

chromosomes, suggesting there are paralogous MnSOD genes present in the wheat genome. 

Prior to the study reported here, three MnSOD cDNAs from wheat were available in GenBank: 

MnSOD (AF092524), MnSOD3.1 (U72212), and MnSOD3.2 (U73172). Based on the alignment 

of these three MnSOD genes, it appeared that MnSOD genes in wheat comprised a multigene 

family with members differing in the coding sequences and in the 3'UTRs.  We refer to these 

multiple genes as sequence variants, which may include both paralogous and homeologous 

forms. 

 

It is known that expression of wheat MnSOD genes increased following exposure to low 

temperature (Wu et al. 1999; Baek and Skinner 2003), but whether each member of the MnSOD 

multigene family responded equally to the low temperature is unknown. The objectives of this 

study were to identify sequence variants of MnSOD genes and investigate differences in 

expression levels of the sequence variants in response to low temperature.  
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Materials and Methods 

 

Plant Growth and Low Temperature Treatment 

We used near isogenic lines (NILs) differing only at the Vrn1-Fr1 (vernalization, frost tolerance) 

locus on chromosome 5A, which determines winter vs. spring wheat growth habit, i.e. wheat 

with or without a vernalization requirement, respectively. NIL 442 is a winter wheat with 

genotype vrn1vrn1Fr1Fr1 and NIL 443 is a spring wheat with genotype Vrn1Vrn1fr1fr1 (Storlie 

et al. 1998).  Aegilops speltoides (PI 573452), Aegilops tauschii (PI 603254), Triticum 

monococum subsp. monococcum (PI 596286), and Triticum turgidum subsp. turgidum (PI 

347137) were provided by the USDA-ARS, National Small Grains Research Facility, Aberdeen, 

ID (http://www.ars.usda.gov/main/docs.htm?docid=2884).  Seeds were planted in a commercial 

soiless potting mix and grown for 14 days in a growth chamber maintained at 20ºC under 200 

µmol quanta m-2s-1, 16 hr photoperiod. The temperature then was reduced to 2°C while light 

intensity and photoperiod were maintained. Whole leaves were collected approximately 4 cm 

above the crowns after 0, 7, 14, 21, and 28 days of cold treatment, frozen in liquid nitrogen, and 

total RNA was extracted as below.    

 

RNA and DNA Extraction 

The leaves collected from each individual plant were ground in liquid nitrogen with a mortar and 

pestle. Two ml of Trizol solution (Invitrogen, San Diego, CA, , http://www.invitrogen.com) were 

added to the mortar before thawing of the plant material, and total RNA was extracted following 

the manufacturer's instructions. Extracted total RNA was quantified with a spectrophotometer 

(Jasco V-530, Jasco Inc, MD, USA, http://www.jascoinc.com).  The RNA quality was assessed 
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by running 2 µg of the total RNA on a 1.2 % agarose gel. The total RNA was stored at -80ºC.  

 

DNA was extracted from leaves of NIL 442 and 443 using the method described by Dellaporta et 

al. (1985), followed by phenol-chloroform purification and ethanol precipitation.    

 

Alignment of MnSOD wheat genes and construction of plasmid clones the variant forms  

 

DNA sequences of three wheat MnSOD genes (GenBank accessions AF092524, U72212, and 

U73172) were aligned using MultAlin (Corpet 1988; 

http://prodes.toulouse.inra.fr/multalin/multalin.html; Fig. 1a and b). Nucleotide variation was 

found encoding amino acid position 166 Fig. 1a) and in the 3' UTR (Fig. 1b). Accessions 

AF092524, U72212, and U73172 had glycine, arginine and lysine at position 166, respectively.  

We cloned this variable region from cDNA as follows. Total RNA from NIL 442 was used as 

template for cDNA construction using Thermoscript RT-PCR (Invitrogen, San Diego, CA, 

http://www.invitrogen.com) using oligo dT (20) primers according to the manufacturer's 

instructions. The resulting cDNA was used as the template for PCR. A 418bp portion of the 

coding region including the encoded variable amino acid was amplified using forward primer 

5’–CTACGTCGCCAACTACAACAAG and reverse primer 

5’–GTAGTACGCATGCTCCCAGAC. PCR products were analyzed on 1.2% agarose gel and 

the amplified fragments were purified with GeneClean II kit (Q-Biogene, Carlsbad, CA, 

http://www.qbiogene.com). The purified PCR products were cloned using Topo-XL PCR 

cloning kit (Invitrogen, San-Diego, CA, http://www.invitrogen.com), and the plasmid clones 

were sequenced at the DNA sequencing facility at Washington State University, Pullman, to 
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confirm the cloned fragments were indeed parts of MnSOD genes, and to seek variant forms. 

The arginine and lysine forms were found in the PCR products, confirming variation was present 

in line 442. Similarly, variation in the 3’ UTR was found in this wheat line from PCR products 

amplified using forward primer 5’–CGTCCGCCGTCGTCCA and reverse primer 

5’–AACAGCACTAGCGAACGAGTT. Sequence information from these products was then 

used to design primers to specifically amplify each form of the amino acid variants and the 3’ 

UTRs for quantitative real-time PCR (qRT-PCR). 

 

qRT-PCR conditions and analysis of data 

 

The HPLC-purified primers for detecting the amino acid variants at position 166 were:  

5' forward primer: 5’–GGCCATTGATGAGGATTTTGG,  

paired with specific 3' reverse primers:  

a. 5’–GGAGTAGTTTCAACTGAAAGCCC  (glycine (G) at position 166 detection),  

b. 5’–TTAGGAGTAGTTTCAACTGAAAGCT (lysine (K) detection),  

c. 5’–GGAGTAGTTTCAACTGAAAGCCT (arginine (R) detection).  

The HPLC-purified primers used for detecting 3' UTR variants were based on figure 1b; 

5' forward:  

a. 5’–GCRTGATTTGTCYGATGA (bases 10-12 present),  

b. 5’–GCRTGATTTGTCYGAGTA (bases 10-12 absent); 

3' reverse:  

a. 5’–TTTTATTACTGCATRTACAAAGAT (bases 47-63 present),  

b. 5’–TTTATTACTGCATRTACAAACTC (bases 47-63 absent).  
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The oligonucleotides were designed to have closely-matched melting temperatures by calculating 

Tm with IDT Oligoanalyzer 3.0 (http://207.32.43.70/biotools/oligocalc/oligocalc.asp).  

 

QRT-PCR was carried out on a RotorGene 2000 unit (Corbett Research, Sydney, Australia, 

http://www.corbettresearch.com) using SYBR green (product number S7567; Molecular Probes, 

Eugene, OR, http://probes.invitrogen.com) for detection of the product at the end of each 

amplification cycle (Bustin 2000; Karsai et al. 2002).  QRT-PCR was carried out using 

Superscript One-step RT-PCR kit with Platinum Taq (Invitrogen, San Diego, CA, 

http://www.invitrogen.com).  The cDNA construction and PCR amplification were performed in 

a single tube. The process consisted of cDNA construction for 15 min at 50ºC followed by a 

PCR profile of a 3 min denaturation at 95ºC, then 32 cycles of 15 s at 95ºC, 20 s at 54ºC, and 17 

s at 72ºC. The qRT-PCR solution was composed of 1X reaction buffer from the Superscript 

One-step RT-PCR kit, 2mM MgCl2, 1 µM primers, 1:40,000 SYBR Green, and 125 ng total 

RNA in 20 µl reactions. The reaction solution was covered with 9 µl light mineral oil (Sigma, St. 

Louis, MO, http://www.sigmaaldrich.com) to prevent evaporation during qRT-PCR. All 

qRT-PCRs were repeated three times as completely independent replications. We used known 

concentrations of cloned MnSOD double-stranded DNA to generate data for a standard curve. 

Melting curves of the final qRT-PCR products were generated to confirm a single PCR product 

had been formed. We evaluated the efficiency with which the primers discriminated among the 

targets of qRT-PCR by running PCRs using plasmid clones differing at amino acid position 166 

or in the 3' UTR as template.  The expression data for the transcript copy numbers were analyzed 

by Duncan's means separation available in PROC ANOVA of the software SAS Version 6.12 

(SAS Inc., Cary, NC, http://www.sas.com/).  
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QRT-PCR for quantifying the genomic 3' UTR variants of MnSOD was performed using Taq 

polymerase (Promega, Madison, WI, http://www.promega.com).  QRT-PCR amplification 

conditions were: 3 min denaturation at 95ºC, then 32 cycles of 20 s at 95ºC, 30 s at 54ºC, and 30 

s at 72ºC. The qRT-PCR reaction solution was composed of 50mM KCl, 10mM Tris-HCl, 0.1% 

Triton X-100, 1.7 mM MgCl2, 1 µM primers, 1:40,000 SYBR Green, 200 µM dNTPs, and 300 

ng total DNA in 25 µl reactions covered by 9 µl of mineral oil. 

 

Results 

 

Differential Expression of Amino Acid Position 166 in Wheat-Related Species 

 

The different amino acid variants at position 166 were named the G (glycine), K (lysine), or R 

(arginine) form following the amino acid present at position 166 (Fig. 1a). The HPLC-purified 

primer sets specifically discriminated the cloned G, K, or R forms with qRT-PCR very well 

(example in Fig. 2), therefore, qRT-PCR could be used to quantify the occurrence of the G, K, or 

R forms. Three-week-old plants of wheat-related species were examined to assess the expression 

levels of the variants at amino acid position 166 (Fig. 3). The data showed that wheat-related 

species have more than one copy of MnSOD, suggesting that these relatives had multigene 

families of MnSOD even before tetraploidization (Triticum turgidum) or hexaploidization (T. 

aestivum, Fig. 3). Interestingly, there was little or none of the K form transcript in Triticum 

monococcum, suggesting that T. monococcum may have two MnSOD genes (G or R at amino 

acid position 166) while other wheat-related species, e.g., Aegilops speltoides and Aegilops 
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tauschii, have at least three MnSOD genes in the genome (Fig. 3).  

 

Differential Expression of genes varying at amino acid position 166 in NIL 442 and 443 

exposed to cold temperature  

 

The expression levels of MnSOD genes varying at amino acid position 166 were measured in 

cold-treated NIL 442 and 443 (Fig. 4). All position 166 variants (G, K, and R forms) were 

expressed at 20ºC (week 0), and significantly increased expression levels after exposure to cold 

temperature in both NIL 442 and 443. Expression levels reached a maximum at 3 weeks of cold 

treatment, and then declined after four weeks (Fig. 4). The numbers of copies of each of the 

transcript forms increased about five-fold after three weeks of cold acclimation. There were no 

significant differences in the expression levels of each form at a given week between NIL 442 

and 443. The R form expressed the most among the three forms in normal growth conditions and 

cold acclimating conditions.  

 

Differential expression of 3' UTR variant forms  

 

The wheat MnSOD genes varying in the 3' UTR were designated as AA (bases 10-12 present, 

and bases 47-63 present; Fig. 1b), AB (bases 10-12 present, and bases 47-63 absent; Fig. 1b), BA 

(bases 10-12 absent, and bases 47-63 present; Fig. 1b), and BB (bases 10-12 absent, and bases 

47-63 absent). The HPLC-purified primer sets were first tested by using cloned genes (sequences 

shown in Fig. 1b) as templates, except the BB form, which has not yet been found to occur in 

nature. The primers, which differed in one or two bases at the 3' terminus, discriminated the 



Baek and Skinner- 12 

plasmids very efficiently, similar to the result for the coding region differences (Fig. 2). The 

melting curves showed the primer sets amplified a single fragment (data not shown). Sequencing 

of genomic MnSOD from a wheat BAC library showed there were no introns in the 3' UTR and 

the melting point experiment in qRT-PCR using wheat genomic DNA as templates indicated 

only one PCR product was formed in each reaction (data not shown). Therefore, we used 

qRT-PCR to determine the relative copy numbers of MnSOD 3' UTR variants in genomic DNA 

of wheat lines 442 and 443.  The ratio of occurrence of the AA:AB:BA forms in genomic DNA 

was 1.1: 4.5:1.The number of copies of each form per ng of DNA was used to represent the 

number per genome, to allow expression of mRNA transcript copies on a per-gene basis. 

 

All 3' UTR variants except BB were expressed at 20ºC (Fig. 5).  In NIL 442, AA, AB, and BA 

variants increased expression steadily over 4 weeks of cold acclimation.  However, in NIL 443, 

the expression levels of variant forms AA, AB, and BA increased for the first three weeks of 

cold acclimation, then decreased from 3 to 4 weeks of cold acclimation (Fig. 5). The expression 

level of the AB variant in both NIL 442 and 443 was the highest among the 3' UTR variants 

studied, followed by AA, then BA variants.  The BB form was not detected in any of the samples 

assayed.  

 

The 3' UTR does not contribute to the structure of the holoenzyme, but may contribute to the 

stability of the RNA molecule following transcription.  The thermostabilities of the secondary 

structure of the three 3' UTR variants we studied here were calculated with online software 

(http://www.genebee.msu.su/services/rna2_reduced.html) (Brodsky et al. 1992; Brodsky et al. 

1995).  The 3’ UTRs comprising the AA, AB and BA forms had stability energies of -30, -25.1 
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and - 35.6 kcal/mol, respectively. These values did not appear to be strongly related to the 

expression level (Fig. 5). The BA form had the lowest level of expression and the greatest 

thermostability, while the greatest level of expression was seen with the AB form (Fig. 5), which 

had an intermediate level of 2º structure thermostability. 

 

Expressing the numbers of copies of 3' UTR variants on a per gene copy number basis revealed 

that the AA form (with no gaps) was expressed with more than two times as many copies per 

gene as the AB or BA form at each of the time points (Fig. 5). The changes in these per-gene 

copy numbers after each week of cold acclimation indicated that the AB form was not as 

responsive to the onset of cold temperature as the AA or BA form; the difference was significant 

only in the spring wheat NIL (Fig. 6). Also, the expression level of each of the forms increased 

over the 4-week period in the winter wheat NIL, but decreased after three weeks in the spring 

wheat NIL (Fig. 6).  

 

Discussion 

 

 

Others have found that some gene forms are more responsive to a specific stresses than others, 

such as dehydrin genes in the response of barley to freezing stress (Zhu et al. 2000), and 

alternative oxidase genes involved in soybean response to several stress factors (Djajanegara et 

al. 2002).  Several studies have found that the 3' UTR plays a role in transcript accumulation and 

post-transcriptional stability (Newman et al. 1993; Gil and Green 1996; Chan and Yu 1998; Rott 

et al. 1998; Komine et al. 2002). We found that the level of transcript accumulation differed for 
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MnSOD genes with different 3' UTRs, and that accumulation also differed in spring wheat vs. 

winter wheat NILs. Comparison of relative numbers of copies of transcripts showed the 

expression level of the 3’ UTR form with no gaps (AA form) was more than twice that of the 

forms with gaps (AB and BA forms) per gene copy at each of the observed time points during 

cold acclimation (Fig. 5). These observations suggested that the nucleotide bases found in the 

AA form but not the AB or BA forms (Fig. 1b), impacted the accumulation of mRNA transcripts 

of the various forms of the MnSOD gene..  The fact that the BB form (occurrence of both gaps) 

has not been reported and was not detected by PCR in this study, further suggests these bases 

play a significant role in functionality of the MnSOD genes. 

 

Three species believed to be ancestral to wheat, Triticum monococcum, Aegilops speltoides and 

Aegilops tauschii, were shown to contain paralogous forms of the MnSOD gene, suggesting that 

the variation seen in hexaploid wheat consisted of paralogous forms, at least some of which 

originated prior to the allopolyploidization events that led to the formation of hexaploid wheat, 

as well as the homeologous forms originating from the component genomes.  

 

Quantification of expression levels of the amino acid position 166 variants all indicated a 

significant increase of expression after one week of cold exposure, followed by essentially 

constant levels of expression through the fourth week in both NIL 442 and NIL 443 (Fig. 4). A 

continuous increase of expression of the 3' UTR form AB was seen through the four week period 

in NIL 442 (Fig. 5), suggesting that the 3'-UTR variation assay detected forms of the gene that 

were not detected by the primers used in the amino acid 166 position quantification. While a 

similar pattern was seen in NIL 443, a significant decrease was seen by the end of the fourth 
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week. Hence, it appears that the levels of expression  within the MnSOD gene family in wheat 

are   quite variable, and various forms of the gene continue to express longer during cold 

acclimation of NIL 442 (winter wheat) compared to the corresponding spring wheat NIL 443.  

NIL 442 develops much more cold tolerance than NIL 443 (Storlie et al., 1998); this observation, 

considered with the results reported here, suggests that some forms of the MnSOD gene may 

contribute more strongly than others to the development of cold acclimation.   
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Fig. 1.  

(a) Alignment of amino acid sequences of wheat MnSOD. The three MnSODs differ at position 

166 (amino acids G, R, and K). 

(b) Alignment of 3' UTR DNA sequences of wheat MnSOD.  

 

Fig. 2. Graph of qRT-PCR using plasmids differing at amino acid position 166 as template. The 

HPLC-purified primer set was: forward  

5'-GGCCATTGATGAGGATTTTGG and reverse: 5'-TTAGGAGTAGTTTCAACTGAAAGCT, 

designed to match the K Form at position 166. Reaction K1, G1, and R1 had the same amount of 

the respective cloned gene as templates.  Reaction K0.2 had 20% of the same template as in 

reaction K1. Amplification results showed the specific primer amplified the corresponding 

plasmid much more efficiently than the other plasmid templates, and the calculated target 

number in reaction K0.2 very closely approximated the 20% reduction in target number.   

 

Fig. 3. qRT-PCR determination of the transcript numbers of MnSOD variants with amino acid G, 

K or R at position 166 in wheat-related species. AS = Aegilops speltoides, TM = Triticum 

monococcum, AT = Aegilops tauschii, TT = Triticum turgidum , TA = Triticum aestivum NIL 

442. All accessions were grown at 20ºC.  

 

Fig. 4. qRT PCR determination of the numbers of copies of transcripts of MnSOD genes varying 

at amino acid position 166 after 0, 1, 2, 3, or 4 weeks of cold acclimation of wheat NIL 442 and 

443. Copy numbers reported are per ng of total RNA. Bars with the same letter were not 

significantly different according to Duncan’s means separation, P=0.05. Comparisons were made 
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only within weeks.  

 

Fig. 5. Copy numbers of 3' UTR variant mRNA transcripts of MnSOD in wheat NIL 442 and 

443 expressed as number of copies per ng total RNA divided by the number of copies of the 

corresponding genes in 1 ng of total DNA (approximately mRNA copies per gene) over four 

weeks of cold acclimation. AA variant = bases 10-12 present, and bases 47-63 present; defined 

in Fig 1b; AB variant = bases 10-12 present, and bases 47-63 absent;  BA variant = bases 10-12 

absent, and bases 47-63 present.  

 

Fig. 6. Dynamics of copy numbers of 3' UTR variant mRNA transcripts of MnSOD in wheat 

NIL 442 and 443 expressed as number of copies per ng total RNA divided by the number of 

copies of the corresponding genes in 1 ng of total DNA (approximately mRNA copies per gene) 

over four weeks of cold acclimation. Bars represent one standard deviation unit. 














